Abstract: Neutrino telescopes are looking to detect neutrinos produced by the annihilation of weakly interacting massive particle (WIMP) dark matter in the sun. The event rate depends on the dark matter density in the sun, which in turn is dictated by the cross section of WIMPs with nucleons. This however is bounded by direct detection experiments. We use the constraints from these experiments to place model-independent upper bounds on the event rates in neutrino telescopes that apply to any elastic dark matter model. Since the spin-independent WIMP-nucleon cross section is much more tightly constrained than the corresponding spin-dependent cross section, the bounds are much stronger in the former case and are competitive with the current limits from IceCube. If the number of events observed in neutrino telescopes exceeds the upper bound corresponding to spin-independent interactions, the implication is that the cross section of dark matter with nucleons is dominated by spindependent interactions. In such a scenario the natural dark matter candidates are Majorana fermions and real vector bosons, so that dark matter particles are their own anti-particles. We show that any such theory that leads to observable event rates at current generation neutrino telescopes will in general contain new particles charged under the Standard Model gauge groups that naturally lie in a mass range that is kinematically accessible to the Large Hadron Collider (LHC).
Introduction
It is now well established that dark matter not contained in the Standard Model (SM) comprises about 80% of the total matter in the universe. However, the masses, spins and quantum numbers of the particles of which dark matter is composed are not known. One natural class of dark matter candidates are Weakly Interacting Massive Particles (WIMPs). These are stable particles with masses of order the weak scale that have weak scale crosssections with visible matter. When the universe cools WIMPs naturally survive as thermal relics with the right relic abundance to explain observations. Many well-motivated extensions of the Standard Model contain WIMP dark matter candidates that have been shown to naturally give rise to the observed amount of dark matter, for example supersymmetry [1, 2] , extra dimensional theories [3, 4] , little Higgs models [5, 6, 7] and the left-right twin Higgs model [8] .
How can WIMP dark matter be detected? In general, there are three classes of experiments which aim to detect WIMPs. These include
• direct detection experiments, which look for the recoil of nuclei after collisions with WIMPs,
• indirect detection experiments, which search for the annihilation products of WIMPs, and
• collider experiments, including the Large Hadron Collider (LHC), which hope to observe missing energy signatures associated with the direct production of WIMPs.
One promising class of indirect detection experiments involves neutrino telescopes, such as IceCube, which are looking to detect neutrinos produced by the annihilation of dark matter in the sun [9, 10] . This idea has been investigated in the context of models with supersymmetric dark matter (for example, [11, 12, 13, 14, 15, 16, 17] , for a review see [18] ), Kaluza-Klein dark matter [19, 20, 21, 22, 23] , right-handed neutrino dark matter [24] , little Higgs dark matter [25] , the inert doublet model [26, 27, 28] and right-handed sneutrino dark matter [29] . The event rate in neutrino telescopes depends on the dark matter density in the sun, which in turn depends on the cross section for dark matter scattering off of nucleons. This however is bounded by recent direct detection experiments. The number of events that could be observed in neutrino telescopes is therefore highly correlated with the results of direct detection experiments [30, 31, 32, 33] .
In this paper we use the constraints from direct detection experiments to place upper bounds on the possible event rates in neutrino telescopes that apply to any elastic dark matter model. These bounds can be parameterized as a function of the dark matter mass and of the branching ratios for WIMP annihilation into various SM final states. Since the spinindependent WIMP-nucleon scattering cross-section is much more tightly constrained than the corresponding spin-dependent cross-section, the bounds are much stronger in the former case. We find that the bounds corresponding to spin-independent interactions currently stand at about a thousand events per year per km 2 for annihilation directly to neutrinos, and at a few hundred events per year per km 2 for annihilation into any other SM final states. For most final states, this is stronger than the current limits from IceCube [34, 35] . Furthermore, the upper bound on the event rate will go down to a handful of events a year if the direct detection limits improve by two orders of magnitude as expected. This is below the expected background from atmospheric neutrinos in neutrino telescopes. The bounds on the event rates arising from direct detection constraints on spin-dependent interactions, on the other hand, currently stand at the level of a few hundred thousand events per year. Therefore even with expected improvements in the near future, bounds corresponding to spin-dependent interactions will continue to be much weaker than the current limits from IceCube.
If the number of events observed in neutrino telescopes exceeds the upper bounds corresponding to spin-independent interactions, the implication is that the cross-section of dark matter with nucleons is dominated by spin-dependent interactions. A model-independent classification of dark matter candidates that have this property, based on the spin and quantum numbers of both the WIMP and the intermediate particle whose exchange mediates the WIMP-nucleon interaction, has been performed [36] . From this study, all theories that lead to elastic spin-dependent WIMP-nucleon scattering at tree-level through renormalizable interactions have been identified. It has been established that in such a scenario, the natural dark matter candidates are Majorana fermions and real vector bosons, so that the dark matter particle is its own anti-particle. Scalar and complex vector boson dark matter candidates are disfavored. Dirac fermions are also disfavored, unless the dark matter particle carries very specific quantum numbers. Furthermore, it has been shown that all renormalizable theories with primarily spin-dependent WIMP-nucleon cross sections at tree-level predict either
• new particles at the weak scale with Standard Model quantum numbers, or
• a Z gauge boson with a weak scale mass that serves as a mediator.
In this paper we show that in the region of parameter space that is accessible to IceCube, these particles naturally lie within the mass range that is kinematically accessible to the LHC.
From this discussion we see that there is a very close connection between direct detection experiments, dark matter searches in neutrino telescopes and the LHC. A null result in the current generation of direct detection experiments, in association with a positive signal at IceCube, would constitute evidence that dark matter is composed of either Majorana fermions or real vector bosons, and therefore that dark particles are their own anti-particles. Furthermore, this conclusion would then very likely be confirmed by discoveries at the LHC.
The layout of the paper is as follows. In section 2 we give a brief overview of the relation between bounds from direct detection experiments and event rates at neutrino telescopes, for both spin-independent as well as spin-dependent WIMP-nucleon interactions. In section 3, we consider the models that give rise to primarily spin-dependent WIMP-nucleon interactions, and examine the parameter space of these theories that gives rise to an observable signal at IceCube. We show that the masses of the new particles naturally lie in a region which is within the energy reach of the LHC. We conclude in section 4.
Correlating Direct Detection Experiments and Event Rates in Neutrino Telescopes

Bounds on WIMPs from Direct Detection Experiments
Direct detection experiments are designed to observe the recoil of a heavy nucleus when a WIMP scatters off it. The typical energy transfer is of order 10 keV, much smaller than the characteristic nuclear energy scales. Therefore in such an experiment the WIMP interacts with the entire nucleus as a single unit, with a net mass, charge and spin.
The cross-section for WIMPs to scatter off different nuclei depends strongly on the form of the interactions of the dark matter particle. In some cases the WIMP-nucleus cross-section is not sensitive to the spin of the nucleus, and we refer to such interactions as spin-independent. In other cases the WIMP couples dominantly to the spin of the nucleus, and we refer to such interactions as spin-dependent. The bounds on WIMP-nucleus scattering from direct detection experiments are generally expressed as limits on the WIMP-nucleon cross-section, allowing results across experiments using different nuclei to be compared.
The bounds from direct detection experiments on spin-dependent interactions are relatively weak since the spin of a typical nucleus is either zero or order one, and does not scale with A, the number of nucleons. Depending upon whether the unpaired nucleon in the nucleus is a proton or a neutron, a given experiment will in general place a bound only on the spin-dependent WIMP cross-section with either the proton or the neutron. On the other hand, spin-independent cross-sections are enhanced by a factor of A 2 , and the bounds on such interactions are correspondingly stronger by a factor of order 10 5 . In generating the spinindependent limits an implicit assumption is made that the WIMP scattering cross section off protons and neutrons is approximately the same, and that there are no large cancellations arising from interference between the amplitudes for scattering off protons and neutrons.
In Fig 1 we show current bounds for the spin-independent and spin-dependent WIMPnucleon scattering cross sections. As we shall explain below, for our purposes only the bound on the spin-dependent WIMP-proton cross-section matters, and the bound on spin-dependent WIMP-neutron cross-section is irrelevant. The CDMS [37] and Xenon [38] experiments currently put the most stringent bounds on spin-independent scattering. For spin-dependent interactions on the other hand, the PICASSO [39] and KIMS [40] collaborations currently place the tightest bounds on the WIMP-proton cross-section. As is clear from the figures, bounds on spin-dependent scattering are much weaker, generally by more than five orders of magnitude. In the next sub-section we will translate these limits on the WIMP-nucleon cross section into an upper bound on WIMP capture rates in the sun, and from this into an upper bound on event rates in neutrino telescopes. Figure 1 : Current direct detection bounds on the a) spin-independent dark matter-nucleon cross section and b) the spin-dependent dark matter-proton cross section
Capture and Annihilation of Dark Matter in the Sun
As WIMPs pass through the sun, they are expected to scatter off the nuclei in the sun and become gravitationally bound. With subsequent scattering, they eventually accumulate in the center of the sun. These WIMPs eventually annihilate into various SM final states. The subsequent decays of these states generally result in high-energy neutrinos, which can be observed in neutrino telescopes here on earth. Both spin-independent as well as spin-dependent scattering can lead to the capture of dark matter in the sun. Of the nuclei that have a net spin, hydrogen is the only one that is present in the sun in significant proportions. Other trace elements in the sun generally have no net spin, and even when they do, there is no A 2 enhancement that can compensate for their low density fraction. Therefore, the only relevant quantity for spin-dependent capture is the WIMP-proton cross section. Spin-independent capture on the other hand receives contributions from several elements. As explained in the previous sub-section, the cross section for spin-independent WIMP-nucleus scattering is strongly enhanced by large A. For WIMP masses significantly larger than the mass of the nucleus, the inclusion of kinematic factors causes the WIMP-nucleus cross section to scale roughly as ∼ A 4 . Therefore, even though the heavier elements in the sun are rarer, this enhancement makes their contribution to the capture rate significant. In particular, as noted in [41] , oxygen plays the most important role in spin-independent capture of WIMPs in the sun. We plot the contribution of some representative elements to the capture rate in Fig. 2 . These numbers were obtained by using the software DarkSusy [42] . We see clearly that heavier elements cannot be neglected, and in fact may contribute significantly more to capture than either hydrogen or helium. We present approximate analytical formulae for the capture rate to understand the dependence on various parameters. The spin-dependent capture rate in the sun is given by [18, 24] ,
Here, σ H,SD = σ SD is the spin-dependent cross section with hydrogen. The astrophysical parameters ρ local andv local are the local halo density and root mean square velocity of the dark matter particles, and the numbers in the formula represent typical values. Finally, since the capture relies on the final dark matter particle being gravitationally bound, there is a kinematic suppression S(m DM /m H ) which depends on the ratio of the WIMP mass to the mass of hydrogen. The function S(x) approaches 1 for x → 1, which corresponds to no suppression. On the other hand, if the WIMP is much heavier than hydrogen (x → ∞), then
The spin-independent capture rate, on the other hand, is a sum over contributions from various elements, and depends on the details of their relative compositions and distributions in the sun
Here the approximation that the WIMP-proton and WIMP-neutron cross sections are approximately equal has been used to go from the WIMP-nucleus cross section (σ N i ,tot ) to the WIMPnucleon cross section (σ SI ). We now explain the significance of the various factors appearing in this equation. The dimensionless quantity f i corresponds to the relative abundance of the elements in the sun. Hydrogen and helium are the most abundant elements in the sun (f H = 0.772 and f He = 0.209). For all other elements f i ∼ 10 −3 . The effect of the different spatial distributions of various elements within the sun is accounted for by the dimensionless parameter φ i . It is approximately equal for various elements in the sun φ i ∼ 3.2, up to corrections of order a few percent. When the dark matter particle scatters off heavier nuclei, there is a form factor suppression because the WIMP probes only a part of the entire nucleus. The form factor F i starts becoming significant for elements with A > 20. Finally, since the capture relies on the final dark matter particle being gravitationally bound, there is again a kinematic suppression S(m DM /m N ) when the dark matter mass and the nuclear mass differ. The exact details of this calculation may be found in [18] .
The factors K are plotted as a function of the dark matter mass in Fig 3, for both the spin-independent and spin-dependent cases. This calculation was performed using DarkSusy [42] . We can see from this that spin-independent WIMP-nucleon scattering is around two to three orders of magnitude more efficient in capturing dark matter than the corresponding spin-dependent scattering.
The number of dark matter particles (N ) in the sun is governed by the simple equation,
The quantity Γ A which represents the WIMP annihilation rate depends on the parameter A which in turn depends on the annihilation cross section and the effective volume of the core 
We can solve this equation to obtain the number density today, at t 4.5 billion years
If the argument of the tanh function is large enough, the implication is that the process of capture and annihilation in the sun have come into equilibrium. This happens if the capture and annihilation cross sections are large enough to satisfy √ C A t > 1. In this case the annihilation rate is equal to half the capture rate.
We plot the condition on the scattering and annihilation cross sections for dark matter to be in equilibrium in Fig 4. It is clear from the figure that for s-wave annihilation the condition for equilibration is always realized in any region of parameter space which yields an interesting signal in km 3 neutrino telescopes.
For annihilation into any given final state, the total annihilation rate Γ dictates the total number of high energy neutrinos produced. The maximum value of Γ depends only on the capture rate C . The capture rate in turn is proportional to the WIMP-nucleon scattering cross section, which is constrained by direct-detection experiments. Therefore the bounds from direct detection lead directly to an upper bound on the number of high energy neutrinos produced by WIMP annihilation in the sun into any specific SM final state. In the next subsection we will translate this into an upper bound on event rates in neutrino telescopes. GeV. The region above the curve ensures equilibrium. The parameter space to the right of the vertical shaded region has already been ruled out by direct detection experiments for spinindependent interactions. The region to the left of the vertical shaded region will generate fewer than 10 events per year per km 2 in neutrino telescopes (assuming a ν τντ final state with E th = 10 GeV). The horizontal shaded band indicates the annihilation rate required to be consistent with relic density observations assuming s-wave annihilation.
Upper Bound on Event Rates in Neutrino Telescopes
Neutrino telescopes are large ∼ km 3 arrays of Cerenkov detectors placed inside a transparent medium such as ice or water. Energetic neutrinos from the sun interact with nucleons in the rock below the detector, and produce muons via charged current interactions. As these upward going muons propagate through the detector, they emit Cerenkov radiation, which is detected by the experiment. The probability that a muon neutrino of energy E ν produces an observable muon is given by
where R(E ν ; E th ) corresponds to the average range of the muons produced by neutrinos of energy E ν before their energy drops below E th , the energy threshold of the detector [43] . The average is over the fraction of energy carried by the muon,
Here σ νN (E ν ) is the neutrino-nucleon charged current interaction cross section [44] and (1−y) is the fraction of neutrino energy carried off by the muon. The definition of the range used here includes the density of standard rock and is measured in 'kilometer water equivalents' (kmw.e.) or equivalently, g/cm 2 . The flux of muon-events observed is then given by [45, 44] , 10) where N A is Avogadro's number. Here the differential flux of muon neutrinos arising from the various final states F is given by
where B F is the branching fraction into the final state F , Γ A is the annihilation rate, d is the distance of the sun from earth and dN F ν /dE ν is the energy spectrum of muon-neutrinos produced in the sun from annihilation into the final state F .
If the threshold energy can be neglected compared to the neutrino energy, the range of the muon is approximately proportional to the muon energy. The charged-current cross section turns out to be proportional to the neutrino energy when the neutrino energy is of O(TeV). In this case, we can rewrite the above expression,
With this approximation, the second integral is independent of the neutrino energy, and can be numerically estimated for a given detector. Therefore the number of events observed is proportional to the quantity N z 2 , defined as,
The total rate in the detector is given by the sum of the rate for muons and the corresponding rate for anti-muons,
We can then write the total event rate in an empirical form,
where the a i are scattering coefficients for neutrinos and anti-neutrinos, which take values a ν = 6.8 and aν = 3.1, while the b i are the range coefficients for muons and anti-muons, with values b ν = 0.51 and bν = 0.67. Figure 5 : Maximum event rate in a neutrino detector consistent with direct detection bounds from spin-independent dark matter for various final states. The threshold energy was chosen to be E th = 10 GeV. Figure 6 : Maximum event rate in a neutrino detector consistent with direct detection bounds from spin-dependent dark matter for various final states. The current experimental bounds from IceCube and Super-Kamiokande are much stronger. The threshold energy was chosen to be E th = 10 GeV.
In this expression, the effects of neutrino propagation and detector thresholds have been neglected. For a relatively heavy WIMP ignoring detector threshold effects may be justified because the neutrino (and hence the muon) energies are typically higher than the detector threshold (for IceCube, E th 10 GeV). Further, since the detection rate depends on the second moment of the neutrino spectrum, it is dominated by high energy neutrinos. Nevertheless, for a complete determination of the signal, the effects of neutrino propagation and the detector threshold must be folded in to the above expression. In order to estimate their impact on these formulas, we use results from the package DarkSusy [42] . We find that these effects are not insignificant for certain final states, and can change the answer by as much as 50%. Therefore, the formulae obtained above should only be used as a qualitative guide.
We are now in a position to determine the maximum event rate in neutrino telescopes. We set the WIMP-nucleon scattering cross section to its upper bound, as determined by the CDMS experiment for spin-independent scattering and by the KIMS experiment for spindependent scattering. We can then determine the muon flux at the neutrino telescope and we plot the result as a function of the WIMP mass for various neutrino-rich two body SM final states that the WIMPs annihilate into. This gives us the maximum possible signal rates in neutrino telescopes consistent with direct detection experiments, assuming that the WIMP has either purely spin-independent interactions (results plotted in Fig 5) , or purely spindependent interactions (results plotted in Fig 6) . In obtaining the results for annihilation to two Higgs particles, we have assumed a Higgs mass of 120 GeV. As noted above, our formulae do not include (potentially important) threshold and neutrino propagation effects. Therefore, we plot the results obtained from DarkSusy.
We see from these figures that models with spin-independent interactions do not generate more than about 500 events per year per km 2 in neutrino detectors, unless annihilation occurs directly to neutrinos, in which case the rate can be as large as 1200 events per year per km 2 . Note that if dark matter is composed of scalars or Majorana fermions, annihilation into a neutrino-antineutrino pair is highly disfavored from angular momentum considerations. For all final states except neutrinos, these bounds are comparable to or stronger than the corresponding limits from IceCube. The current generation of direct detection experiments [46] , [47] have the potential to strengthen this bound by an additional two orders of magnitude. In such a scenario the maximum number of events will be reduced well below the background from atmospheric neutrinos, and the spin-independent case will go out of reach of current generation neutrino telescopes. We also see from the figures that the corresponding bounds on the event rates for models with purely spin-dependent interactions are much weaker, and are not competitive at all with the current limits from neutrino telescopes.
In Fig 7 we plot the current IceCube [34] and Super-Kamiokande [48] bounds on the event rates assuming annihilation to the W + W − final state, together with bounds on the event rate from direct detection experiments. It is clear from these plots that the direct detection bounds on spin-independent interactions lead to a tighter constraint on event rates than the current IceCube limit. With the operation of newer detectors, the spin-independent bound will only become stronger, and consequently is expected to be beyond the reach of IceCube 5 year sensitivity [49] . The spin-dependent case, on the other hand, is seen to allow a much higher flux. In fact, by far the strongest bound on the spin-dependent interaction (assuming W + W − annihilation) is seen to come from IceCube. If the number of events observed in neutrino telescopes were to exceed the upper bounds corresponding to spin-independent interactions, the implication is that the cross section of dark matter with nucleons is dominated by spin-dependent interactions. In the next section, we consider the dark matter models that have this property. However, before we do so, we briefly consider the effect of relaxing some of the assumptions that went into obtaining these bounds.
• We restricted ourselves to WIMP annihilations into two particle SM final states. Relaxing this assumption by allowing multi-body SM final states does not affect the upper bound. The reason is that for any given WIMP mass, the neutrinos arising from the decays of a multi-particle final state each carry correspondingly less energy. Since the neutrino-nucleus cross section scales as the energy of the incident neutrino, as does the range of the muon produced in the collision, these effects reduce the signal more than enough to compensate for the increased number of neutrinos.
• We did not consider the possibility of annihilations into non-SM final states composed of new particles yet to be discovered. These could subsequently decay into SM states and eventually into neutrinos, thereby generating a signal. However, we do not expect this to alter the upper bound, since each SM particle will carry less energy than if annihilation had occurred directly to two SM particles, with a corresponding reduction in the signal.
• We ignored effects like Sommerfeld enhancement [50, 51, 52, 53] , which can significantly affect the annihilation rate. This is justified because the upper bound on the signal is controlled only by the capture rate, and does not depend on the annihilation rate.
• We assumed a specific value for the local halo density. Our bounds on the event rates are insensitive to this value since it affects the capture rate and the direct detection bounds in exactly the same way.
• We assumed a specific distribution of dark matter velocities. The result is in fact sensitive to this assumption since it affects the capture rate and the direct detection bounds somewhat differently. However, we do not expect the uncertainties in this to affect our conclusions significantly.
• We restricted our considerations to elastic dark matter. Our result does not apply to inelastic dark matter [54, 55, 56] or more generally to any type of form-factor dark matter [57, 58, 59] since the relationship between the capture rate and the direct detection bounds is now modified [60, 61] .
• Finally, note that in obtaining these bounds we have not restricted ourselves to thermal dark matter, but have also allowed for the possibility that dark matter is composed of non-thermal WIMPs.
Collider Implications
In this section we consider the implications for the LHC if the WIMP-nucleon spin-dependent cross-section lies within the parameter space that will be probed by IceCube. The dark matter candidates that can naturally give rise to primarily spin-dependent interactions in a renormalizable theory have been classified [36] , and the results are shown in Table 1 . From the table it is clear that if the interactions of WIMPs with nucleons are primarily spindependent, the natural dark matter candidates are either Majorana fermions or real vector bosons. Furthermore, corresponding to each dark matter candidate, the spins and quantum numbers of the particles mediating the tree-level spin-dependent WIMP-nucleon interaction are also constrained. In this section we study the range of masses of the dark matter particle, and also of the mediating particle, that lead to an observable signal from spin-dependent
Dark Matter
Mediator Process Scattering Table 2 : Quark spin fraction in the proton and neutron [62, 63] interactions at IceCube. We will establish that these particles naturally tend to lie within the energy range that will be probed by the LHC. Our approach will be to study the various candidate theories in turn, and study the range of particle masses in each case.
Majorana Fermion
The effective operator that gives rise to spin-dependent scattering in this case can be shown to be
where χ is the Majorana spinor corresponding to the dark matter particle and q represents a quark field. The corresponding WIMP-nucleus cross-section is given by
For scattering off a free nucleon λ q = ∆ n q . The quantities ∆ q are the spin-fraction of the nucleon spin carried by quark q, listed in Table 2 . J N is the angular momentum of the nucleus, and is equal to 1 2 for free nucleons. We see from the table that if dark matter is composed of Majorana fermions, spindependent WIMP-nucleon scattering can arise through any of
• t-channel vector exchange,
• s-and u-channel vector exchange, or
• s-and u-channel scalar exchange If the process occurs via the s or u-channels the mediating particle necessarily carries SM color. For a t-channel process the mediating vector boson may either be the SM Z, or a new Z . If it is the SM Z, the dark matter particle carries weak charge. Therefore we see that each of these processes is associated either with a new particle charged under the SM gauge groups, or with a new Z gauge boson.
The values of d u , d d and d s which appear in equation (3.2) depend on the flavor structure of the underlying theory, and must be consistent with constraints on flavor-violating processes.
Dark matter scattering mediated by a Z will automatically satisfy these constraints provided that the couplings of the Z are flavor diagonal. This implies that in these models
For theories where WIMP-nucleon scattering is mediated by X µ or Φ, the flavor structure is more complicated. In general, a GIM mechanism which incorporates either multiple flavors of the dark matter particle or multiple flavors of the mediators is required in order to ensure that flavor bounds are satisfied. For concreteness, in what follows we assume that there are multiple mediators. Flavor bounds are then satisfied provided that the mediators corresponding to different flavors are quasi-degenerate and their couplings are flavor-diagonal. We begin with t-channel exchange of a vector. The Lagrangian corresponding to this process can be written in four-component language as,
t-channel vector exchange
For simplicity, in this expression flavor indices have been suppressed. It is straightforward to verify that the coefficient of the effective operator defined in equation (3.1) is
Here Z could represent either the SM Z or a new Z under which the SM matter fields are charged. For the Standard Model Z,
We choose to assign the Z charges in the same way, because for a given WIMP-proton crosssection this choice of signs corresponds to the highest value of the mass of the exchanged particle, and is therefore the conservative assumption. It is also naturally consistent with flavor bounds on new physics, as noted above. The physics of the two cases is however very different, and so we consider them separately. If the WIMP carries charge under the Z, it must either constitute the neutral component of a single SM SU(2) L representation or arise as a linear combination of the neutral components of different representations of SU(2) L . Majorana fermion dark matter that arises from a single SU(2) L representation is very tightly constrained by direct detection experiments.
For example, Majorana neutrino dark matter has been excluded by Xenon in the mass range considered here [38] . We will therefore not consider this possibility further.
Although theories where the dark matter arises as a linear combination of the neutral components of different SU(2) L representations are also constrained by direct detection experiments, the bounds are significantly weaker. In general there are both spin-dependent WIMP-nucleon interactions arising from Z exchange as well as spin-independent interactions arising from Higgs exchange. The magnitudes of these two different contributions to the WIMP-nucleon cross section are not in general independent, but are correlated [64] . The ratio of spin-dependent and spin-independent cross-sections in the benchmark model for WIMP-nucleon scattering through the SM Z boson. We also show the ratio of capture efficiencies, K SI /K SD . To the left of the intersection, the neutrinos from SD interactions dominate.
To understand this correlation we work in the benchmark model of reference [36] . This model consists of two SU(2) L fermion doublets ξ and ξ c which have equal and opposite hypercharges Y = ± 1 2 . The dark matter particle arises as a linear combination of the neutral components of ξ and ξ c . The mass matrix consists of a Dirac term linking ξ and ξ c , together with a Majorana term that arises from a non-renormalizable interaction of the form (H † ξ) 2 . When the SM Higgs doublet H gets a VEV, the neutral component of ξ acquires a Majorana mass. It also obtains a Yukawa coupling to the physical Higgs field h. Such a nonrenormalizable operator may be generated by integrating out a SM singlet. The Lagrangian for the neutral components of ξ and ξ c takes the form
Here y ξ = m/v where v = 246 GeV is the electroweak VEV, and h is the physical Higgs field of the SM. The lighter of the two mass eigenstates ξ D is the dark matter particle.
where φ is the mixing angle. The couplings to the Z and to the SM Higgs in the mass basis take the form,
In terms of a four-component Majorana fermion χ, the Lagrangian becomes
In order to understand the correlation between the spin-dependent and spin-independent contributions to the WIMP-nucleon cross section let us estimate the mixing in the limit m M . The coupling to the Z is suppressed by cos 2φ, which in this limit is simply m/2M , while the dark matter mass is approximately equal to M . On the other hand the coupling to the Higgs is proportional to m/v, where v = 246 GeV is the electroweak VEV. Therefore in this limit the ratio of the spin-dependent WIMP-nucleon cross section to the corresponding spin-independent cross section is fixed for any given value of M . We have plotted the ratio of these cross sections as a function of the WIMP mass in Fig 9, in the limit that the spin-independent cross section is at its current bound and assuming a Higgs mass of 120 GeV. Note that the spin-dependent cross section never exceeds the spin-independent cross section by more than a factor of about 10 5 for dark matter masses greater than 150 GeV. We have also shown on the same plot the ratio of capture efficiencies in the spin-independent and spin-dependent cases. Clearly, spin-independent capture dominates for WIMP masses larger than about 600 GeV. Therefore a limit on the spin-independent WIMP-nucleon cross section directly translates into an upper bound on the event rate in neutrino telescopes in this benchmark model. We expect that the same conclusion will apply to the more general class of models where spin-dependent scattering is mediated by the SM Z.
In Fig 10 we have plotted the current upper limit on the event rate from direct detection experiments in this scenario as a function of the dark matter mass, assuming annihilation is entirely to the W + W − final state. We have also shown the current and future experimental bounds from IceCube. Note that in this and subsequent plots we do not require that annihilation and capture are mediated by the same particle, but allow for the possibility that these are mediated by different particles. In particular, dark matter annihilation exclusively to W + W − is not possible if mediated by the SM Z. We see that a signal close to the present IceCube bound implies a dark matter mass less than about 400 GeV, which is promising for the LHC. More generally, in most of the parameter space that is within the 5-year sensitivity of IceCube, the dark matter particle and its charged partners ξ + and ξ c− have masses below 1 TeV. The interesting region of parameter space lies below the line corresponding to y ξ = 1, indicating that it is under perturbative control. In the same figure, we have also shown the effect on the event rate if the direct detection bounds improve by two orders of magnitude, as expected. In such a scenario, the signal in this class of theories would fall below the sensitivity of IceCube. Although this analysis has been performed for a specific benchmark model, we expect that similar conclusions hold in general for spin-dependent interactions mediated by the SM Z.
We now turn to the case of the Z . There is now much more freedom with regard to charge assignments and the overall strength of the interaction. Also, there need not be a spinindependent contribution to the cross section from scalar exchange. However, experimental constraints on the masses and couplings of new Z gauge bosons disfavor large event rates. As in the case of the SM Z, we set d u = −d d = −d s , since this choice is naturally consistent with flavor constraints on new physics, and yields a conservative estimate for the mediator mass. The values β and β equal to a 1 2 correspond to chiral fermions having unit charge under the Z . We use these as representative values. In Fig 14 we have shown the range of values of the Z mass that would lead to a signal in neutrino telescopes at the current bound, or at the 5-year sensitivity. Unfortunately, a large portion of the allowed range of masses is disfavored by precision electroweak measurements and by bounds on direct production and four-point interactions [65, 66] , except perhaps for very specific Z charge assignments.
s-and u-channel vector exchange Figure 11 : Majorana dark matter scattering through s-and u-channel vector exchange
We now move on to s-and u-channel exchange of a colored vector particle X. The Lagrangian corresponding to this process is
The co-efficient of the effective operator in this case is given by
In the chiral limit, the X vector bosons that couple to left-and right-handed quarks are in general distinct particles. In the absence of tuning, it is therefore natural for one of these two contributions to dominate. For the left-handed contribution, if the dark matter particle is a SM singlet then SM SU ( corresponding to the contribution from left-handed quarks. We see that away from the resonance region at m χ = m X , the colored vector boson masses lie at a TeV or below in most of the parameter space. They are therefore kinematically accessible to the LHC, and can be pair-produced through strong interactions. They then decay, leading to a jets + missing energy signal. Recent model-independent studies of dark matter signals at the LHC involving jets + missing energy have been performed, for example, in [67, 68] , [69] , [70] , and the results look promising. Figure 12 : Majorana dark matter scattering through scalar exchange s-and u-channel scalar exchange
Finally we consider scattering through s-and u-channel exchange of a colored scalar Φ. The Lagrangian corresponding to this process is
The coefficient of the relevant operator is given by,
. This operator can be generated by the exchange of a heavy colored fermion Q in the s-and u-channels, as shown in Fig 13. The relevant part of the Lagrangian takes the form
We find that
.
(3.17)
We seek to explore the range of masses of the mediator Q and the dark matter particle B µ that give rise to a signal at IceCube, and the resulting implications for the LHC. As in the cases of X and Φ, in the chiral limit the mediators Q that couple to left-and right-handed quarks are in general different particles, and the mediators corresponding to different flavors are also distinct. 
Conclusions
In conclusion we have used the constraints from direct detection experiments to establish a model-independent upper bound on dark matter event rates in neutrino telescopes, which applies to any elastic dark matter model. The strength of the bound depends on whether the WIMP-nucleon cross section is spin-independent or spin-dependent. While the spindependent bound is not competitive with present limits from neutrino telescopes, the spinindependent bound is much tighter, and is comparable to current experimental bounds. As direct detection experiments improve, these bounds are expected to get even tighter.
If the observed event rate in neutrino telescopes exceeds the bound corresponding to spin-independent interactions, we can immediately infer that WIMP-nucleon scattering is dominated by spin-dependent interactions. The dark matter candidates that naturally have this property have been classified, and are known to be either Majorana fermions or real vector bosons, so that the dark matter particle is its own anti-particle. Furthermore, it is known that each such candidate theory predicts either new particles at the weak scale with SM quantum numbers, or a new Z gauge boson with mass close to the weak scale. We have studied the parameter space of these theories which leads to an observable signal at IceCube, and found that while the scenario with a new Z gauge boson is somewhat disfavored by current experimental constraints, the alternate scenario is completely viable. The masses of the new particles are favored to lie at energy scales that are kinematically accessible to the LHC.
